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WORKSHOP ON INTELLIGENT TURBINE ENGINES
FOR ARMY APPLICATIONS

Dav 1 - Monday, March 21, 1994
7:45 Registration
8:30 Welcome and Introduction
— A. Epstein, MIT & D. Mann, ARO
ntrol for ines: In vernment P iv
9:00 Army View of Rotor Craft Turbine Engine Controls - Present & Future Applications
: — V. Edwards, Aviation R&D Engineering Center
9:30 Army Ground-Based Gas Turbine Engines
—R. McClelland, USA Tank-Automotive Center
10:00 Experience and Potential for Advanced Engine Controls
—J. Kulberg, Pratt & Whitney, E. Hartford
10:30 Break
10:50 Advanced Engine Control
—S. Carpenter, GE Aircraft Engines
11:20 NASA Research in Engine Control

—W. Merrill, NASA Lewis Research Center
11:50-13:00 Lunch

Ivi ive Control in Turbine Engin

13:00 The Promise of Active Control for Helicopter and Tank Engines
— A. Sehra, Textron Lycoming

13:30 MIT Research in Active Compressor Stabilization
—J. Paduano, MIT

14:00 GE Research in Active Control
— A. Spang, GE Research Center

14:30 Break

14:50 Progress in Modeling & Control of Compressor Stall
— C. Nett, UTRC

15:20 A Systems Study of the Impact of Active Compressor Stabilization
- K. Tow, GE Aircraft Engines, Lynn

16:00 Tour of MIT Gas Turbine Laboratory, Active Control Facilities

18:30 Dinner
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Day 2 - Tuesday, March 22, 1994

8:30

9:30
9:45-12:00

12:00
13:00

14:30

15:00

Panel Discussion on Intelligent Engine Control
— Industry-Government-Academia

Change to Breakout Panels

Breakout Discussions

a) Engine Systems & Applications

b) Components

¢) Control Theory

Lunch

Reports from the Breakout Panels

Open Discussion

Closing Remarks - ARO Interests in Intelligent Engines
—D. Mann, ARO

Adjourn




»

REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

Pubtic reporting burden for ths collection of information 1s estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and comoleting and reviewng the collection of information. Send comments regarding this burden estimate or any other aspect of this
coliection of information, inctuding suggestions for reducing this burden, o Washington Headquarters Services, Directorate for information Operations and Reports, 1215 jefferson
Davis Highway. Suite 1204, Arlingion, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) | 2. REPORT DATE

3. REPORT TYPE AND DATES COVERED
Nov 94 Final 28 Feb 94 - 27 Aug 94

4. TITLE AND SUBTITLE

g

Intelligent Turbine Engines for Army Applications

6. AUTHOR(S)

Professor Alan H. Epstein

5. FUNDING NUMBERS

DApHO4 -7 46-0033

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

M.I.T. Gas Turbine Lab, 31-266
Cambridge, MA 02139-4307

8. PERFORMING ORGANIZATION
REPORT NUMBER

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

U.S. Army Research Office
P.0. Box 12211 N
Research Triangle Park, NC 27709-2211

10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

Ato 33 605 éfé’@'CF

11. SUPPLEMENTARY NOTES

B}

The views, opinions and/or findings contained in this report are those of the
author(s) and should not be.construed as an official Department of the Army
position, policy, or decision, unless so designated by other documentation.

12a. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for public release; distribution unlimited.

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words)

This report documents the proceedings of a workshop on Intelligent Turbine
Engines for Army Applications held at the Massachusetts Institute of Technology
on March 21-22, 1994, The workshop brought together experts from govermment,
industry, and academia to explore ways in which advanced controls concepts can
be used to significantly benefit Army gas turbine engines. Participants
discussed Army control related requirements. Emphasis was placed on the
integration of active control into helicopter and ground vehicle gas turbines.

14. SUBJECT TERMS

Gas turbines, active control and control

15. NUMBER OF PAGES

16. PRICE CODE

OF REPORT OF THIS PAGE OF ABSTRACT

UNCLASSIFIED

UNCLASSIFIED UNCLASSIFIED

17. SECURITY CLASSIFICATION [ 18. SECURITY CLASSIFICATION |19, SECURITY CLASSIFICATION | 20. LIMITATION OF ABSTRACT

UL

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)

. Drocrriman b AMCIH Comd 730 10




"INTELLIGENT TURBINE ENGINES FOR ARMY APPLICATIONS" Workshop
March 21-22, 1994
Attendee List

Mr. Raymond A. Adomaitis
Assistant Research Scientist
University of Maryland
Institute for Systems Research
A.V. Williams (115)
College Park, MD 20742
- TEL: (301) 405-2969
FAX: (301) 314-9920

Mr. Sean Borror
Gas Turbine laboratory, MIT
31-215
77 Massachusetts Ave.
Cambridge, MA 02139
TEL: (617) 253-7154
FAX: (617) 258-6093

Mr. Sheldon Carpenter
General Electric
1000 Western Avenue
Lynn, MA 01910
TEL: (617) 594-8985
FAX: (617) 594-4141

Professor John Deyst
Dept. of Aero/Astro, MIT
33-115
77 Mass. Ave.
Cambridge, MA 02139
TEL: (617) 253-1644

Mr. Diego Diaz
Dept. of Aero/Astro, MIT
31-257
77 Mass. Ave.
Cambridge, MA 02139
TEL: (617) 253-5607
FAX: (617) 258-6093

Mr. Vemon Edwards
Aviation Research & Development
Engineering Center
4300 Goodfellow Blvd.
St. Louis, MO 63120-1798
TEL: (314) 263-1012
FAX: (314) 263-1640

Professor Alan H. Epstein
Gas Turbine Lab, MIT
31-266
77 Mass. Ave.
Cambridge, MA 02139
TEL: (617) 253-2485
FAX: (617) 258-6093

Dr. Robert Fagen

Allison Gas Turbines

P.O. Box 420

Indianapolis, IN 46206-0420
TEL: (317) 230-5304
FAX: (317) 230-5600

Major Daniel B. Fant

Program Manager

AFOSR/NA

110 Duncan Avenue, Suite B115

Bolling AFB, DC 20332-0001
TEL: (202) 767-0471
FAX: (202) 767-4988

Professor Edward M. Greitzer
Gas Turbine laboratory, MIT
31-264
77 Massachusetts Ave.
Cambridge, MA 02139
TEL: (617) 253-2128
FAX: (617) 258-6093

Dr. Gerald Guenette
Gas Turbine laboratory, MIT
31-214
77 Massachusetts Ave.
Cambridge, MA 02139
TEL: (617) 253-3764
FAX: (617) 258-6093

Dr. Robert J. Hansen
Chief Scientist, applied Research Laboratory
The Pennsylvania State University
P.O. Box 30
State College, PA 16804
TEL: (814) 865-1419
FAX: (814) 865-1615

Mr. Don Hoying
Gas Turbine Lab, MIT
31-256
77 Mass. Ave.
Cambridge, MA 02139
TEL: (617) 253-5608
FAX: (617) 258-6093

Mr. David Hughs

Aviation Week

32 Holstein Ave.

Londonderry, NH 03053
TEL: (603) 434-3861
FAX: (603) 432-4543



Mr. Satya Kodali
Applied Research Laboratory
The Pennsylvania State University
P.O. Box 30
State College, PA 16804
TEL: (814) 863-3051
FAX: (814) 865-3287

Mr. Joel Kulberg

Pratt & Whitney Aircraft

400 Main St.

E. Hartford, CT 06108
TEL: (203) 565-5247
FAX: (203) 564-4321

Dr. David M Mann
Associate Director, Engineering
& Environmental Sciences Division

US Army Research Office

PO Box 12211

Research Triangle Park, NC 27709-2211
TEL: (919) 549-4249
FAX: (919) 549-4310

Dr. Henry McDonald

Applied Research Laboratory

The Pennsylvania State University
P.O. Box 30

State College, PA 16804

Dr. Walt Merrill
NASA Lewis Research Center
21000 Brookpark Rd.
Cleveland, OH 44135
TEL: (216) 433-6328
FAX: (216) 433-8000

Professor Richard M. Murray
Caltech
Mail Code 104-44
Pasadena, CA 91125
TEL: (818) 395-6460
FAX: (818) 568-2719

Mr. SNB Murthy

Purdue University

1003 Chaffee Hall

West Lafayette, IN 47907-1003
TEL: (317) 494-1509
FAX: (317) 494-0530

Dr. Carl N. Nett
United Technologies Research Center
Silver Lane
E. Hartford, CT 06108
TEL.: (203) 727-7000
FAX: (203) 727-7909

Dr. Karl Owen

Vehicle Propulsion Directorate

Army Research Laboratory

NASA Lewis Research Center

Cleveland, OH 44135-3127
TEL: (216) 433-5895
FAX: (216) 433-3270

Professor James D. Paduano
Dept. of Aero/Astro, MIT
33-103
77 Mass. Ave.
Cambridge, MA 02139
TEL: (617) 253-6047
FAX: (617) 258-6093

Mr. Greg Pentek

Senior Project Engineer

MOOG Inc., Engine Controls Div.

East Aurora, NY 14052-0018
TEL: (716) 687-4295
FAX: (716) 687-4869

Mr. Stephen J. Przybylko

Wright Laboratory

WL/POTA Building 18

1950 Fifth St.

Wright Patterson AFB, OH 45433-7251
TEL: (513) 255-6690
FAX: (513) 255-1759

Dr. Arun K. Sehra
Manager, Compressor Aerodynamics
Textron Lycoming
Dept. LSD-10
550 Main St.
Stratford, CT 06497
TEL: (203) 385-3028
FAX: (203) 385-1781

Dr. H. Austin Spang, III
General Electric Corporation
Corporate Research & Development
P.O. Box 8, Bldg. KW, Rm. D220
Schenectady, NY 12301

TEL: (518) 387-6490

FAX: (518) 387-5164

Dr. Choon Tan
Gas Turbine Lab, MIT
31-267
77 Mass. Ave.
Cambridge, MA 02139
TEL: (617) 253-7524
FAX: (617) 258-6093

®




Mr. Keven Tow
General Electric Aircraft Engines
1000 Western Ave.
Lynn, MA 01910
TEL: (617) 594-9423
FAX:(617) 594-6426

Mr. Michael Tryfonidis
Gas Turbine Lab, MIT
31-215
77 Mass. Ave.
Cambridge, MA 02139
TEL: (617) 253-7154
FAX: (617) 258-6093

Dr. Lena Valavani
Volpe National Transportation Center
DTS-73
55 Broadway
Cambridge, MA 02142
TEL: (617) 494-2246
FAX: (617) 494-2318

Mr. Chris Van Schalkwyk
Gas Turbine Lab, MIT
31-254

77 Mass. Ave.

- Cambridge, MA 02139

TEL: (617) 253-1760
FAX: (617) 258-6093

Professor Vigor Yang

Pennsylvania State University

111 Research Bldg. East

Bigler Road

University Park, PA 16802-1400
TEL: (814) 863-1502
FAX: (814) 865-3389

Mr. Harald Weigl
Gas Turbine Lab, MIT
31-215
77 Mass. Ave.
Cambridge, MA 02139
TEL: (617) 253-7154
FAX: (617) 258-6093

Professor J.E. Ffowcs Williams
University Engineering Department
Trumpington St.
Cambridge CB2 1PZ
ENGLAND
TEL: 011-44-223-332-629
FAX: 011-44-223-464-815

Accesion For

\

NTIS  CRA& N
0

O

DTiC TAB
Unannounced
Justification

et e i,

Avail andfor
Special




SUMMARY VIEWGRAPHS
OF BREAKOUT PANELS

(Parenthetical remarks are
those of the Editor)




Vehicle Systems & Components Panel

SYSTEMS
Potential
Risk Reward
L H * |dentify active control benefit to small

engines vs. large engines

* Diagnostics - condition-based
maintenance

M H * New sensor / actuator systems

* Reconfigurable smart engine
(For battle damage component failure)

H H e Simplicity
| (Of active control system)
* Passive control

(Same dynamic behavior without
computer actuators)

* Totally Silent engine

M M« Active avoidance of distortion
(Manipulate inflow to engine)

o Active contirol of inlets

L L * Integration - adaptive propulsion
control
(Integration of helicopter flight &
propulsion controls)

L = Low, M = Medium, H = High




Vehicle Systems & Components Panel

Potential
Risk Reward
H H
L M
H M

COMPONENTS

Active blade control - shape, flutter,
forced vibration damping

Active combustion control
- Emissions
- Pattern factor
- Life cycle cost

Tip clearance control
(Now done open loop in large engines)

Active control of separation
High lift / max lift airfolil

Optimized turbine cooling /
performance
(Control of turbine cooling)

Katzmeier effect - unsteady blading

(Unsteady lift would increase loading
capability)




P

Vehicle Systems & Components Panel

PROCESS
Potential
Risk Reward
L H e System identification

(Of fluid & structure dynamics)

* |dentify low hanging fruit beyond
compressor stability

- Risk vs. reward
» Strategy for technology insertion
» Multidisciplinary w/ in-depth teams

M H -+ Stallline prediction - accurate
- Passive |
- With active control

H H e« Active conirol of fiutter
L M e« Active control as a demo tool
L L e+ Active control of surge only

- Not including rotating stall

L H ¢ Inverse optimization technique
- Better modelling

Generic Closed loop control of unsteady flow




Control Panel Summary

ENGINE CONTROL USING
#CONVENTIONAL” ACTUATORS/SENSORS

« Nonlinear control (NL) techniques are needed -
'CONTEXT is very important

e To understand the “class” of NL systems, a
standardized NL model structure for engines,
similar to the flight dynamics standard

- Must involve indusfry

- Recognize noise and NL

- Be flexible (for inclusion of new concepts)
- Be built around experimental testbed

o Wish list - a testbed with complexity/dynamics
between: a simple compressor rig and engine

« Airframe/engine integration in helicopters
- Situation awareness/feedforward
- Rotor aerodynamics in transient maneuvers
- Performance seeking in new context
— Vibration as well as fuel burn
— Rotor speed as variable
- Hardware/know-how is ripe

®



Conftrol Panel Summary (Cont.)

&

* Recognition
- Use of control theory relies on context

* Recommendations depend on context of fruitful
work to be done

* Unsteady fluid mechanics

- New system identification tools for fluid
systems

- Noise environment far worse

- Techniques from fluid theory should be
exploited

- Length scale, time scale concepts
- Ensemble averaging

- Converting distributed fluids model to control
form

- Many structural dynamic, nonlinear
dynamics techniques available

- CFD to ODE Create low order
— PDE to ODE aggregate models

- Collaboration with experiments is vital




Control Panel Summary (Cont.)

o Other nonlinear control issues
- Multivariable mode selection
- Transient performance improvement through
NL control
- How to measure, insure safety during
design
- Engine companies should talk to academia
about their problems
- Disturbance rejection
- Characterizing disturbances/uncertainty/
noise

 Advanced concepts

— Sponsoring organizations should explicitly
fund control work which collaborates with

experimental application

®
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Vehicle

M60 Fam
M728 CEV
M88 MRV
M1

M2/3
M113
M9ACE
M551

M10°9

HET
HEMTT
PLS
M35A2
FMTV
M809
M939
M880
HMMWV
cucv

M915 Fam

ARMY/N.G. GROUND VEHICLE INVENTORY

QTY

Army

1150
728
1560
5841
5488
27,416
430
1070

4000

749
9663
120
44058
0
15850
11414
2655
79000
35653

4099

M915 A§/A2 3252

N.G.

66

89

697
2246
957
10,071

i8

2632

2507

20205

Engine Model

TRACKED VEHICLES

AVDS-1790

AVDS-1790

AVDS-1790

AGT-1500

VTA-903T

6V-53T

vV - 903

6V-53T

8v-71T

WHEELED VEHICLES

8V92TA
8V92TA
8V92TA
LDT-465-1D
3116

NH 250
6CTA8.3
318 (Gas)
GM6.2
GM6. 2

NTC 400

Series 60

Manufacturer

TCM
TCM

TCM

Textron/Lycoming

cummins
Detroit Diesel

cummins
Detroit Diesel

Detroit Diesel

Detroit Diesel
Detroit Diesel
Detroit Diesel
Hercules
CAT
Cummins
cCummins
Chrysler
GM
GM
cummins

Detroit Diesel

HP

750

750

750

1500

600

275

295

300

405

430

445

500

140

225

250

240

140

150

150

400

400
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FIGURE 6-4. ELECTRONIC CONTROL UNIT
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PW4000 FADEC FUNCTIONAL COMPARISON

FUNCTION CURRENT GROWTH COMMENTS
ENGINE ENGINE

Wf Control X X

Stator Vane Control X X

LPC Bieed Control X X

HPC Bleed Control X X

Reverse Fn Limiting X X

Overspeed Protection X X

Engine Heat Management Control X X

Turbine Case Cooling Control X X

Nacelle Cooling Control X X

IDG AOCV Override X

TRC System X X

TVBCA System X X

Modulated TCA System X X P&W Requirement
ARINC Receiver #1 X X

ARINC Receiver #2 X Airframer Requirement
ARINC Transmitter #1 X X

ARINC Transmitter #2 X Airframer Requirement
High-Speed ARINC 429 Transmitter X Airframer Requirement
Reverser Control A/C X Airframer Requirement
Probe Heat Control A/IC X Airframer Requirement
Fuel On/Off Control AC X Airframer Requirement
Ignition Control A/C X Airframer Requirement
Full Autostart SCU X Airframer Requirement
MINIMUX Features SCU X Airframer Requirement
Power convert (115 VAC) N/A X Airframer Requirement
Mass Wf Transmission EBU X Airframer Requirement
Oil Quantity Transmission EBU X Airframer Requirement
NAC Temperature Transmission EBU X Airframer Requirement
Pon Transmission EBU X Airframer Requirement
TIDG Qil Transmission EBU X Airframer Requirement
IDG Heat Management Control EBU X Airframer Requirement
VSCF Heat Management Control N/A X Airframer Requirement
Low NOX Burner System Control N/A X Airframer Requirement
Oil AP Transmission EBU X Airframer Requirement
Fuel AP Transmission EBU X Airframer Requirement
Ram Air Turbine Deploy Signal A/IC X Airframer Requirement
HP Customer Bleed Valve Override ECS X Airframer Requirement
Holdup Power SCU X Airframer Requirement
PMA Health Monitor N/A X Airframer Requirement

JFKUmh
94-04

01/21/94
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GE"S BEACON SYSTEM:

' FROVIDES INTEGRATED CONTROL LAW DESIGN., IMFLEMENTATION, AND TEST,
WITH DRAMATIC TOTAL FROCEES COST AND CYCLE TIME REDUCTION,
QUALITY ENHANCEMENT, AND SIGNIFICANT REDUCTION IN MANUAL STEFS
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OLD FROCESS EEACON EASED FROCESS
) ENGINEER HAND ENGINEER CREATES
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1 l
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SIMULATION :
| < [
RUN SIMULATION | RUN SIMULATION
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CaD SYSTEM TO ‘
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CODE DEZIGN i
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MIT RESEARCH IN
ACTIVE COMPRESSOR STABILIZATION

Presented to the Workshop on
Intelligent Turbine Engines for Army Applications
March 21-22, 1994

A. H. Epstein E. M. Greitzer G.R. Guennette J.D.Paduano C.S.Tan

OUTLINE

e Background
-Goal of Active Control
-Surge and Rotating Stall in Compressors

e Surge Control
-Results - High-Speed Centrifugal Turbocharger
- Current Research - Centrifugal Gas Turbine Surge Control

¢ Rotating Stall Control
-Results in Low Speed Axial Compressors
-Modeling and Detection in High Speed Compressors
-Current Research in Control of R/S in High Speed Compressors




GOAL OF ACTIVE STABILIZATION
- Safe Operation at Higher Performance Levels -

Surge Line
With Control
/

/

/
,/
£ \B

Surge Line Without Control

[ N

Performance

Pressure
Improvement

Rise

Region Stabilized
With Active Control

Mass Flow

- System study projects 8% reduction in GTOW or 11% longer range

NATURAL OSCILLATORY MODES OF COMPRESSORS

Lowest Order Higher Order

Rolation :

] N

Rotating
Wave
Structure

Compressor

Surge Rotating Stall




SURGE AND ROTATING STALL IN GAS TURBINES

» Rotating Stall Generally Precedes Surge
- Often eventually leads to surge

e Depending on Machine, May Choose to Control Surge and Not R/S

- Centrifugals, axicentrifugals: surge control alone may pay off
rugged compressors

‘progressive’, recoverable rotating stall
surge is first debilitating instability

- Axial, multistage compressors - R/S control required
rotating stall is abrupt, debilitating
control surge alone =» deep, nonrecoverable stall

COMPARISON OF RECOVERABLE AND
DEEP ROTATING STALL

—— Compressor test, no surge
---- Unstable axisymmetric map, no rotating stall
--------- Rotating stall

Pressure Rise
Pressure Rise

Y
4

Mass Flow Mass Fiow

Centrifugal Compressois,

Axial Compressors
Fans, and Blowers P




EARLY SURGE CONTROL RESULTS

» Rig Demonstration (Pinsely et al., 1988)
-High speed (90,000 Rpm) centrifugal supercharger
- 100 Hz valve actuating downstream or plenum bleed
-Demonstrated 20-25% operating range extension

« Dynamic Control Trough Tailored Structures (Gysling, 1991)
-Movable plenum wall w/ tailored structural dynamics
-Tuned to act as passive damper for surge oscillations
-Demonstrated 25% operating range extension

» Detailed Sensor/Actuator Placement Studies (Simon, 1991)
-Sensor and actuator type, placement are pivotal
- Close-coupled actuation is a key to success
- Highly multidisciplinary endeavor

STUDYING ALTERNATE IMPLEMENTATION STRATEGIES

Sensor
|
Inlet Upstream Downstream

e Throttle Throttle

Injection At

Throat tt)

l inbleed l
e Plenum I

- Lo
© SIn:et T li#

mg(t)

Heat
Addition
Q(t)

Compressor T

Time-Varying
Bleed

Integrates control theory, engine design, fluid
mechanics, experimentation, aeroelastics




CURRENT EFFORTS - ACTIVE SURGE
STABILIZATION IN SMALL GAS TURBINES

o Two 650 HP engines on test stands

-Textron LTS-101 gas producer (turbojet w/ variable area nozzle)
- Allison 250-C30 turboshaft (power turbine and water break)

e Surge Model Extended to Include: °
- Combustor energy dynamics
- Compressor/turbine shaft dynamics
- Compressibility
- Candidate actuation strategies

* Sensor/Actuator Effectiveness Study Complete
- Diffuser throat injection very promising
- Fuel modulation least effective

 LTS-101 Modified for Diffuser Throat Injection

LTS-101 INSTRUMENTATION LAYOUT

Diffuser Throat>
In'|ection




LTS-101 INSTRUMENTATION LAYOUT

GAS TURBINE PRESENTS NEW CHALLENGES
TO ACTIVE CONTROL DESIGN/MODELLING

Turbocharger System G.T. Helicopter Engine
e Te~2,M;~08 o nc~8,M;>10
» Simple compact geometry « Complex geometry
» "Shallow" characteristics « "Steep" characteristics

High Helmholtz frequency

Low Helmholtz frequency

Combustion

Shaft dynamics

Very noisy



ROTATING STALL
A Distributed Fluid-Mechanical Instability

Small amplitude circumferential

traveling waves: =3
3
=

- Rotating Stall Causes Damage, Leads to Surge
- Engine Performance Compromised to Avoid Stall/Surge

ROTATING STALL STABILIZATION
"Distributed" Sensors and Actuators

Controller
Ay
® —
\ ® = —
® = —
—— I
Axial Velocity , © ¢ — ]
Perturbation Wave 7 ® = —_
© — |=Z
® = | =
== —
© =~ —

Sensors 1GVs Compressor

- stator vanes (IGVs) individually servo-controlled

- wave stabilization increases compressor operating range




ROTATING STALL CONTROL DEMONSTRATIONS
- Low Speed Compressors -

o Single-Stage Axial
- Original demonstration

-Modeling, identification, and control concepts &
techniques developed

¢ Three-Stage Axial
-Verification of 1-stage results on Pratt-designed rig
- Detailed identification, refinement of fluids models
-Testbed for advanced modeling and control

o Dynamic Control Using Aeromechanical Feedback
-Tailored structures coupled to fluid mechanics
- Proof of passive control concept
-Close-coupled actuation concept tested

SINGLE-STAGE DEMONSTRATION
18% Operating Range Increase with Active Control

05
Stall With Control of

S First Mode Only
< ‘5/ Stall Without Control
Q
e
§ \ Stall With Control
° of First and Second
k7] Spatial Modes
(o
Q
5 0.3 Contro! of First %
b Three Modes
Q
a

02 T ] i

0.3 0.4 0.5 0.6 0.7

Flow Coefficient, ¢

-Control Circumferential Harmonics Independently
Moore-Greitzer dynamics borne out

-Additional Range For Each Addt'l Harmonic




ACTIVELY STABILIZED THREE-STAGE COMPRESSOR

—

Servo
Motor

Disturbance Frequency, wr/U

E Vane ’R, \ Sy l Rz \ l&l ’ Rg\ S| mp- Fiow
o 1 1 T 1 — 11 17
Design Characteristics:
Low Speed ® = 2400 RPM $=Cy/U=0.6
High Reaction R=0.74
No Surge B =0.16
PARAMETER IDENTIFICATION RESULTS
and
Refined Theoretical Predictions
rotation rate growth rate
® ooa Experiment (e}
— Refined Th
15— : — ined Theory 02— : : :
2 A & )
__________ —h .ﬁ._._._ﬁ_..A.-._.____ T
. ™ o 2nd
3rd Mode . % Mode
10} . sV} SRS NN 4
= .
------ =0~ 3o~ 0 ~ &= ~o- g w\b
2nd Mode 0 B N
o \ \\
05 Q 02l N o N
[ o
[s] e g
F 5 oo —e—R 3 \&
1st Mod 0 ooa Experiment 8
st Mode o — Refined Theory LoaNg
0 1 1 1 i N
'04 ] 1 1 1
04 042 044 046 048 05 04 042 044 046 048 05
Mass flow, ¢

Mass flow, ¢




NONLINEAR MODEL VALIDATED AGAINST
STALL INCEPTION DATA

Experiment
50 _Experim !
HW #3 ‘
HW #2
HW #1 _ _
0 5 10 5 20 25
. . 1, Rotor revs
Simulation
80 : !
HW #3F YIS
HW #2 [ ..................
HW #1F ----- A
0 5 10 15 20 55

7, Rotor revs

AEROMECHANICAL CONTROL OF ROTATING STALL

'Passive’ system

-Feedback through dynamic coupling befween unsteady
flow and structure

Deflection of structure causes flow injection into annulus
Circumferential array of 24 reed valves control injection

Phase of injection set by interaction between stall precursors

(pressure perturbations) and reed dynamics

e 10%

change in stall point



DYNAMIC CONTROL OF ROTATING STALL

USING AEROMECHANICAL FEEDBACK

High Pressure Air

/ Flexible
Cantilever Q.
“lﬂ I/ReedValve ‘S
- = 1
m
—> Injection Rotor| |Stator
{

RANGE INCREASE DUE TO AEROMECHANICAL FEEDBACK

Pressure Rise Coefficient (W)

0.4

0.36

0.32

0.28 -

0.26

TR,
W ro o mx"o

Stall point with no control ° %
Stall point with steady blowing (reeds fixed)

) L.

10% | 6%

(o]
Stalling Fiow
Coefficient
o Baseline
x Rigid Reed
o Optimized

| 1 | 1 1

1
Stall point with unsteady blowing (aeromechanical feedback)

0.35

i
0.4 0.45 0.5 0.55 0.6 0.65
Mass Flow Coefficient (®)

0.7



HIGH SPEED COMPRESSOR STALL CONTROL RESEARCH

e Modeling
-Compressible 2D Hydrodynamic Stability Model In Place

-Applied to Industrial Compressor Test Rig Geometries
-Compressible Modes Explain Experimental Results
-Control, Sensor/Actuator Studies Underway

e Detection
-Data from 10 high speed compressors reduced

-Pre-stall traveling wave energy present in all cases
-'Compressible mode’ important to stall inception

¢ Actuation
-Mass injection currently the most promising
-Valve hardware designed (Moog and NASA Lewis)
-Currently Investigating fluid mechanics of unsteady blowing

e Initial Control Desigﬁ Studies Underway

COMPRESSIBLE MODELING OF ROTATING STALL

From High
Pressure Reservoir SP/P
A

High-response valve

Inlet Duct
(Gap 1)

—— mass injection actuator disk

- 1D Compressible Flow in Blade Passages

- 2D Compressible Flow in Gaps

- Boundary Conditions Link Volumes

- Result - Hydrodynamic Model for Circumferential Harmonics
- Actuation and Sensing Added to Study Control



‘-.'

MODEL PREDICTS

COMPRESSIBLE MODE AT ROTOR FREQUENCY
- this mode can limit operating range -

®
. 1 .
05 (a) 70% SPEED 14 (c) 100% SPEED
) i cno L4
'
o o *
/ /7
/
/ ’
B ) ) 1.2 X
out / Damping ’
o Pret / Ratio, § Prout d Ly
/ *
1 p C[Al lv] Pret v e +
[ AT o S Y "
B.}....
. 0
1.0 4
: Neutral
¢ i Neutral S:Dab'il'rty Prat
Stability oint
Point Pref
04 T 1 1 i T T
0.45 0.50 0.55 0.90 0.95
) Mass Flow Mass Flow
HIGH SPEED COMPRESSOR PRE-STALL SPECTRA
® ooz, 1-STAGE, MIL. o5,
0.014 0.0
% 0.008 4 0.
Q. 0.0084
0.004 4 024
o
L J
0.014
0.0084
g
2o,
a
@
@

- 0




CURRENT EFFORTS - ACTIVE CONTROL OF ROTATING STALL

e Control With Inlet Distortion on 3-Stage Rig
- High priority for implementation
- Modeling, control much more complicated
-We will 'close the loop' with distortion this Spring

¢ Mass Flow Injection on 3-Stage Rig
-Replace inlet guide vanes with injectors
- Significant performance improvement predicted by 2D modeling
- Details of implementation will effect performance achieved

e Application of Advanced Control Techniques

-Robust controller design and implementation

demonstrated on 3-stage
developing techniques for use at NASA Lewis

- Nonlinear analysis and control law design
goal: enhance large disturbance stability
applying Lyapunov, absolute stability theory

CURRENT EFFORTS - ACTIVE CONTROL OF ROTATING STALL
- NASA Lewis Project -

¢ Industrial scale compressor stages
-Stage 37 - High speed compressor stage (U"p= 454 m/s, h/t=.7)
-Stage 67 - Low hub/tip fan stage (U"p= 430 m/s, h/t=.36)

« Mass flow injection, high-bandwidth actuation (300-500 Hz)
-NASA Lewis & Moog designing linear actuators

-MIT designing valves and injectors
-Scale wind tunnel tests (M=0.5) of injection underway

3D hydrodynamic stability analysis of rotating stall
« System procedures for eigenvector identification

o Testing at NASA to begin Late 1994



SUMMARY
Stall and Surge Control are Maturing Rapidly

Evolution of apparatus complexity

Surge control concept = surge rig = small engines
R/S control concept = 1 stage = 3 stage = high speed/industrial

Evolution of maturity of understanding

- Surge control:
Lumped model = model w/ actuation = engine scale, environment

- Rotating stall control:
Moore-Greitzer =» unsteady losses =» distortion = high speed, 3D, nonlinear

Each evolutionary stage has been successful to date
- Still much to do, but confidence is high

New multidisciplinary concepts are emerging out of necessity:
‘Close-coupled' actuation
System identification of fluid processes
Passive aeromechanical control
Wave energy for detection

Interaction of compressible and acoustic modes
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Pressure and Velocity Perturbations During Stall Inception
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